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Abstract
The United Arab Emirates (UAE) is considered within the arid climate zone having
low rates of annual rainfall. The fresh water is mainly located in shallow
groundwater aquifers. Understanding the depth and extent of such aquifers is an
important issue for UAE local governments and environmental agencies.
Hydrogeological conditions in the UAE are strongly related to the topographic
features and are dominated by a mountain range in Oman at the eastern margin of the
Arabian Platform. The alluvial plains such as Al-Jaww plain (eastern Al-Ain city) is
considered as an important potential source of groundwater for Al-Ain region. AlJaww plain is a large and flat area consisting of gravel and sand outwashes from AlHajar mountains. The main objective of this research is to study the electrical
resistivity distribution beneath the study area and locate groundwater aquifers. In this
research study, audio-magnetotelluric (AMT) method was applied and measurements
from 10 AMT stations were recorded along an east-west profile of 11 km length in
Al-Jaww plain. The AMT method is an important high resolution, non-seismic
geophysical technique that measures variations in the Earth's natural electromagnetic
fields to detect electrical resistivity variations in the subsurface at shallow to
intermediate depths. Two-dimension resistivity inversion model was developed for
the AMT data measured along the east-west profile using WingLink software. The
model shows mainly three geo-electrical layers from surface to 5 km depth as
follows: (1) a shallow layer with low resistivity (0-15 Ohm.m), representing
groundwater aquifer zone from ground surface to 1 km depth, (2) a moderate
resistive layer (15-250 Ohm.m) beneath the first layer and (3) Hawasina Complex
(>250 Ohm.m) beginning at 2.5 km and reaching 5 km. The results of this study will
support local government and water agencies for future better management of ground
water resources in Al-Ain.
Keywords: Audio-Magnetotelluric, Resistivity, Groundwater Aquifer, Al-Jaww
plain, Al-Ain.
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)Title and Abstract (in Arabic

التفسير النظري ثنائي األبعاد للبيانات الكهرومغناطيسية األرضية الطبيعية لسهل الجاو
في مدينة العين ألغراض البحث عن المياه الجوفية – (العين ،اإلمارات العربية المتحدة)
الملخص

تعتبر دولة االمارات العربية المتحدة ضمن منطقة مناخ جاف بمتوسط هطول مطري سنوي
منخفض .المياه الجوفية العذبة تقع ضمن الخزانات الجوفية الضحلة .لذلك يعد فهم عمق وامتداد
مثل هذه الخزانات الجوفية امرا ً مهما ً لحكومة االمارات والهيئات البيئيةً .وترتبط الخصائص
الهيدروجيولجية لدولة االمارات العربية المتحدة مع طبوغرافية سلسلة جبال عمان الممتدة شرق
دولة االمارات .ويعد سهل الجاو الممتد شرق مدينة العين كمصدر مهم للمياه الجوفية لمدينة
العين.
الهدف الرئيسي لهذه االطروحة دراسة توزيع المقاومة الكهربائية للطبقات وتحديد مواقع
الخزانات الجوفية .في هذه الدراسة تم استخدام التفسير النظري ثنائي االبعاد للبيانات
الكهرومغناطيسية االرضية الطبيعية من خالل بيانات  10محطات تم تسجيل بياناتها في امتداد
من جهة الشرق الى الغرب بطول  11كيلومتر في سهل الجاو .
يعد التفسير النظري ثنائي األبعاد للبيانات الكهرومغناطيسية األرضية الطبيعية من الطرق الغير
زلزالية ذات الجودة العالية في قياس التغيرات في المجال المغناطيسي لألرض لتحديد المقاومة
الكهربائية للطبقات على اعماق كبيرة .تم استخدام برامج معالجة البيانات للحصول على نماذج
ثنائية االبعاد ذات جودة عالية .وبتفسير البيانات التي تم الحصول عليها تم تحديد ثالث طبقات
حتى عمق  5كيلومتر تحت سطح االرض وتتراوح المقاومة الكهربائية كاالتي :أ) طبقة ضحلة
حتى عمق  1كم بمدى مقاومة ( 15-0اوم-ميتر) .ب) طبقة ذات مقاومة كهربائية متوسطة
تتراوح بين ( 250-15اوم-ميتر) .ج) طبقة االساس ( 1000 -250اوم-ميتر) على عمق 2.5
الى  5كم تحت سطح االرض .نتائج هذه الدراسة ستوفر معلومات مهمة لمتخذي القرار
والهيئات المختصة في مجال المياه الجوفية إلدارة أفضل لمصادر المياه الجوفية في مدينة
العين.

مفاهيم البحث الرئيسية :المقاومة الكهربائية ،المياه الجوفية ،الخزان الجوفي ،الجيوفيزيائية.
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Chapter 1: Introduction
1.1 Overview
Al-Ain city is located at the eastern part of Abu Dhabi emirate (United Arab
Emirates) and near to Oman-UAE border (Figure 1). Al-Ain area is an arid region
with very low precipitation rate. The underground water aquifers are the main water
resources for the city of Al-Ain. Understanding these water resources (depths, lateral
extension) is very important for the local habitants and for the local industries and
farms, which are also using these water resources. The current study focuses on the
use of a geophysical method called Audio Magnetotelluric (AMT), which will help
us to understand the electrical resistivity lateral and vertical extent in order to locate
possible groundwater aquifers and their depths and thicknesses after inverting the
recorded AMT data.

Al-Jaww Plain

Figure 1: Study area in Al-Jaww Plain, Al-Ain, UAE.
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Previous geophysical studies in Al-Jaww plain area were conducted using
gravity and seismic geophysical methods by Ali et al. (2009) and studied the area
around Jabal Hafit to understand the stratigraphy of this area. Saibi et al. (2018,
2020) carried out magnetotelluric (MT) measurements at the western part of Green
Mubazzarah (to the west of AlJaww Plain) geothermal field up to 4 km depth. Saibi
et al. (2019) investigated all subsurface structure of Al-Ain region by using gravity
data and detected a deep geological layer at depths between 2 and 6 km. Saibi et al.
(2017) and Saibi (2018) inverted the magnetic data from the Mubazzarah hot spring
area and detected a bed rock at a depths of 1 to 1.5 km. This study is focusing on
application of an electromagnetic (EM) method in Al-Jaww plain which the first time
to use such advanced method in this area for groundwater aquifer exploration studies
and also defining the different geological layers in the region.
The used method is called Audio Magnetotelluric (AMT) as it uses high
frequency for applications in the range of ground surface to 10 km depth.
AMT method is a passive EM geophysical method used in wide range of
applications such as mineral exploration, groundwater exploration, tectonic and deep
Earth studies, mapping crustal conductivity structure studies, geothermal system
exploration and hydrocarbon exploration.
AMT surveys for groundwater exploration showed the power of AMT to
locate deep and shallow aquifers by providing electrical resistivity properties of
subsurface environments (saturated and unsaturated media). AMT can also detect
subsurface structures and faults, which play an important role for groundwater
movement (discharge and recharge).

3
AMT data used in this study were acquired from Al-Jaww plain, east of AlAin city at ten (10) AMT stations for a total of 11 km profile running west to east
and end at the UAE-Oman border to the east. The aim of the selected such AMT
locations is to compare the results with previous seismic model of Ali et al. (2009)
which clearly showed the main stratigraphic units and geological structure in the
study area.
Al-Jaww area has Quaternary groundwater aquifer close to Al Hajar
Mountains (El Mahmoudi et al., 2004). Two-dimensional (2D) inversion modelling
was developed from the observed AMT data to get the 2D electrical resistivity model
of the study area and detect possible groundwater aquifers.
In this study, integration has been done to the AMT resistivity model with 2D
seismic model of Ali et al. (2009) which runs parallel to AMT profile to develop a
robust model of the subsurface geology and structure of Al-Jaww region. El
Mahmoudi et al. (2006) used Electrical Resistivity Tomography (ERT) method to
investigate shallow groundwater and found that shallow aquifer exists in Al-Jaww
plain from 40 m to 120 m below ground surface.
This study is focusing on the possibility of finding deep saturated aquifers
and finding the depth and extension of the shallow aquifer of Al-Jaww plain using
AMT geophysical method. The main objectives of this study are understanding the
hydrogeology of the Quaternary aquifer at Al-Jaww plain using the two dimensional
resistivity section and estimating the extension of the Quaternary aquifer guided by
previous research in this area.
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1.2 Statement of the Problem
The MT method is very sensitive to fluid distribution and thus electrical
resistivity of such fluids and rocks (Erdoğan and Candansayar, 2017). This study
aims to understand the distribution of electrical resistivity beneath the study area in
Al-Jaww plain (eastern Al-Ain city) in order to investigate the location of subsurface
groundwater aquifers and their depths and thicknesses. This is possible with the
application of AMT method at 10 MT stations and the inversion will give us a
resistivity cross-section model of the study area. Understanding of the aquifer will
help the local community and government for better exploration of such important
and vital groundwater resources in the region.
1.3 Relevant Literature
Earlier magnetotelluric studies were conducted worldwide to image
conductive variances at depth and map geological features such as faults, weathered
zones, groundwater reservoir and geothermal zones (Lichoro, 2013; Geiermann and
Schill, 2010; Amatyakul et al., 2016; Erdoğan and Candansayar, 2017; Kebede and
Saibi, 2016). Two-dimensional (2D) inversion of AMT data is an effective technique
to explore the resistive anomalies (Erdoğan and Candansayar, 2017). The
combination of MT data inversion with geology and geochemistry data can help
solve various engineering problems such as detection of source and size of a
potential groundwater or geothermal reservoir, investigation of subsurface geology
and developing conceptual geologic models (Bedrosian, 2007).
Pous et al. (2002) surveyed the Las Canadas caldera (Tenerife, Canary
Islands, Spain) using 33 MT measurements and detected saturation zones
(groundwater aquifers) of more than 700 m thickness beneath the caldera. Xu et al.
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(2020) applied the audio-frequency MT technique for studying the hydrogeological
conditions in the Da Qaidam area in the Qinghai Tibet Plateau. Xu et al. (2020) used
more than 220 AMT stations and 3D inverted electrical resistivity model detected the
groundwater aquifers and paleochannels in the region. Asaue et al. (2012) mapped
the groundwater aquifer at a depth of 1 km at Kumamoto area (central Kyushu
Island, southwestern Japan) by using MT data. Favetto and Pomposiello (2011) also
used MT data to study the intercontinental groundwater aquifer of the South
American Guarani aquifer system in Argentina. Chandrasekhar et al. (2009)
observed a total of 22 broad-band MT soundings in the North-East of Brazil to assess
the groundwater resources and could successfully locate the groundwater aquifers.
Three-dimensional MT study was carried out in the Atacama Desert of North Chile
for groundwater exploration and detected shallow and deep aquifers (500 m deep) by
Ruthsatz et al. (2018). Agyemang (2020) used MT for delineation of zones of high
groundwater potential for borehole drilling in the Agona East District (Ghana). MT
method can be also used for detecting groundwater contamination as presented by
Devi et al. (2020) for the northern India case study.
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1.4 Previous Work
Many previous Geophysical surveys have been done at Al-Jaww plain. Ali et
al. (2009) used seismic reflection for geological and structural studies, El Mahmoudi
and Gabr (2006) used ERT method for groundwater investigations (Figure 2),
Menges and Woodward (1993) published Contributions to a shallow aquifer study by
reprocessed seismic sections from petroleum exploration surveys, eastern Abu
Dhabi, United Arab Emirates made by United States Geological Survey in
cooperation with the National Drilling Company of Abu Dhabi. The first two
previous geophysical studies have been selected as they are related and provide
needed information to understand the geology, hydrogeology and structures of study
area.

Figure 2: Locations of AMT, seismic and ERT profiles.
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1.4.1 Geophysical Investigation of Al-Jaww Plain, Eastern Abu Dhabi:
Implications for Structure and Evolution of the Frontal Fold Belts of the
Oman Mountains
Ali et al. (2009) investigated Al-Jaww plain geology and subsurface structure
using seismic reflection method with other geophysical method (gravity) and
recognized four major stratigraphic units in the seismic profile (Figure 3). These
stratigraphic units are from bottom to the top: (1) Mesozoic Shelf Carbonates, (2)
Hawasina group, (3) Upper Cretaceous sediments and (4) Tertiary sediments.

Figure 3: Interpreted seismic profile in Al-Jaww plain (Ali et al., 2009).
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1.4.2 Two-Dimensional Electrical Imaging of Quaternary Aquifer at Wadi
Muraykhatand Wadi Sa’a, Al Ain Area, UAE
This study focused on two of the main wadies in Al-Jaww plain, Wadi
Muraykhat and Wadi Sa’a. These wadies are coming from the Omani Mountains and
form the catchment of the water resources. El Mahmoudi and Gabr (2006) studied
the hydrogeology and subsurface of these wadis for better understanding of the
quaternary aquifer and water flow. They applied electrical resistivity tomography
method to get two-dimensional resistivity profiles along Wadi Muraykhat and Wadi
Sa’a supported by the available borehole data to interpret the Quaternary aquifer in
their research. Some unconformities below the Quaternary alluvium were noticed in
the final resistivity profiles. These unconformities are predicted to be paleochannels
in the bed rock formed by erosional processes through geological time. The
resistivity profiles of El Mahmoudi and Gabr (2006) showed resistive layer extended
from the surface up to 40 m depth with resistivities higher than 100 Ohm.m, this
layer is dry alluvium (Figure 4), followed by a conductive layer of clay and
mudstone with presence of groundwater, located from 40 m to 120 m depth. In
between these resistive and conductive layers, the Profile shows a moderately
resistive layers of Sand and gravel.

Figure 4: An example of a 2D resistivity profile (El Mahmoudi and Gabr, 2006).
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Chapter 2: Geological and Hydrogeological Settings

2.1 Geological Settings
Although Al-Ain is within the arid area it is affected by flash floods and
wadies, because of the rainfall in Quaternary period, it is considered as a very
famous oases in Arabian Peninsula, due to the supply of shallow fresh groundwater
from Al-Hajar Mountains to the east that provide the suitable conditions for life and
agriculture. Jabal Hafit in the southeastern side of Al-Ain city is an anticlinal
structure with 29 km length, 5 km width and elevation of 1160 m., plunging
southeast in Omani borders and northwest in UAE (Abou El Enin, 1993). The
Carbonates exposed in this mountain are within Oligocene and Eocene ages. AlJaww plain is in the eastern side of Jabal Hafit (Figure 5).
Al-Jaww Plain has Quaternary superficial deposits consists of alluvial
deposits, Sabkha deposits and aeolian sand (Hunting Geology and Geophysics Ltd.,
1979). Surface water drainage on the alluvial fans in AlJaww plain wadies has many
complexly braided flow patterns (Menges and Woodward, 1993).
Al-Jaww plain has two outcrops on the boarders with Oman, Jabal Mundasa
and Jabal Malaqat are strongly folded and exposed Cretaceous and Tertiary rocks
considered as part of Al Hajar mountains. The lithology of Jabal Mundasa and Jabal
Malaqat is mainly ophiolite, conglomerate, marls and carbonates from the Late
Cretaceous to Eocene age. They form asymmetrical anticlinal structures. In Malaqet
mountain marl layers, limestone, marly limestone, chert and brecciate limestone are
Eocene and Paleocene rocks (Gabr et al., 2013) (Figure 6).
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Al Jaww
Plain

Figure 5: Geology of Al-Ain (Warrak, 1987). Study area in green rectangle.
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Figure 6: Stratigraphic sequence model at Jabal Hafit (Hamdan and Bahr, 1992).
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2.2 Hydrogeological Settings
Although Al-Ain Area in the eastern part of Abu Dhabi on the borders with
Oman is located within arid climate region, but its location close to Al-Hajar
mountains provide the aquifers of Al-Ain with groundwater supply. One of the main
sources of the groundwater in Al-Ain region is the Quaternary aquifer which is part
of the western gravel aquifer (Figure 7). The large wadis such as Wadi Muraykhat,
Wadi Sa’a supply Al-Jaww plain aquifer by water in case of precipitation on Al
Hajar mountains (Gabr et al., 2013).
Rizk et al. (1997), notified that the main productive aquifers in the United
Arab Emirates are the fractured peridotite in Al Hajar mountains, gravel aquifers
from the Al-Hajar mountains and sand dunes to the west. Quaternary deposits are
mainly sediments of alluvial and aeolian origin. Quaternary alluvium represents the
water bearing lithostratigraphic unit. It is a sequence of sand and gravel layers
interbedded with mud layers. Most of the clastic units contain a calcareous clay-rich
matrix. The alluvium has been deposited on flood plains draining from Oman
mountains to the east (El Mahmoudi and Gabr, 2006).
The main recharge sources of the Quaternary aquifer at Al-Jaww Plain are the
groundwater underflow, infiltration rainfall and water flow through fractures and
pores in subsurface (Menges and Woodward, 1993). There are other sources that
might recharge the aquifer such as irrigation process, fault zones which brings the
water from deeper saturated layers, infiltration of water leakage from heavy water
transmission lines and other urban areas.
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Groundwater aquifers in Abu Dhabi are mainly classified into
unconsolidated aquifers and the bedrock aquifers (Khalifa, 2014). The main
groundwater recharge mechanisms are summarized as: (1) infiltration of periodic
surface flow along Wadis that drain the Oman Mountains, (2) subsurface flow from
lateral flow in alluvial channels at the mouths of the drainage basins along the
mountain front, and (3) lateral flow through fractured bedrock along the mountain
front. These main mechanisms produce three types of flow systems: local,
intermediate, and regional flow respectively. In general, the groundwater
movement direction is from East to West for all flow types (Elmahdy, 2015) with
variation in groundwater table (Figure 8).
Sand and gravel Quaternary aquifer underlain by the Upper Fars Formation
is extend eastward into Oman. Figure 7 shows the aquifers types in the UAE
(Elmahdy, 2015). Study area is located within the western gravel aquifer which
comprises a sequence of sand and gravel with an average thickness of
approximately 60 m. Figure 9 is presenting the hydrogeological framework in AlAin (Hutchinson, 1998).
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Figure 7: Groundwater aquifers in the United Arab Emirates (Elmahdy, 2015).

Figure 8: Groundwater table in United Arab Emirates (UAEU, 2018)
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Figure 9: Hydrogeologic framework of eastern Abu Dhabi Emirate (Hutchinson,
1998).
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Chapter 3: Methodology
3.1 Audio Magnetotelluric (AMT) Method
The AMT method is a passive geophysical exploration method that uses high
frequency Electromagnetic (EM) signals (10,000 Hz – 5 Hz) to investigate from
shallow to very deep depths. AMT measures naturally occurring EM signals on the
ground to characterize the electrical conductivity of the subsurface (Chave and Jones,
2012; Simpson and Bahr, 2005). AMT penetrate deeper compared to other
geophysical techniques that uses artificially generated fields, such as Direct Current
Electrical and Transient Electromagnetic Method (TEM). And this makes AMT one
of the geophysical techniques capable of sensing through the Earth’s crust up to great
depths. The depths of electromagnetic field in subsurface depend on the sounding
period, and conductivity of subsurface (Simpson and Bahr, 2005).
Audio Magnetotelluric method is an electromagnetic passive-source inductive
method used for inferring Earth’s subsurface electrical conductivity. The subsurface
conductivity is calculated from temporary surface measurements of the magnetic and
electric fields. The EM signals that were used in AMT and Magnetotelluric (MT)
surveys comes from two external sources (outside of the earth). Generally, these
natural EM signals are generated in the atmosphere and magnetosphere. MT signals
(low frequencies < 1 Hz) are generated by the interaction between the earth’s
magnetosphere and the solar wind, sunspot activity, and auroras. High-frequency
sources (> 1 Hz) in the audio range (AMT) are generated by thunderstorms and
lightning worldwide (Simpson and Bahr, 2005). These interactions of the EM signals
create telluric currents that flows in horizontal directions in the Earth’s crust
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(Simpson and Bahr, 2005). The telluric currents then produce the magnetic signal
that was measured in MT and MT surveys. In AMT, the aim is to measure the both
the Electric and the magnetic variations created by the telluric currents using sensors
in different directions (orthogonal direction). The measured data set is called time
series, which later is converted to frequency domain in the data processing stages.
The transfer function (the complex impedance matrix) is then estimated from the
frequency domain of the measured field. Once the MT data are processed and
analyzed forward modelling and inversion algorithms are used to produce resistivity
distribution models (1-D, 2-D and 3-D).
In AMT method, The EM signal can be measured from high to low
frequencies. The depth of penetration of the Electromagnetic (EM) signals used in
MT survey is related to the skin depth (𝛿) phenomena as shown in equation 1. From
the skin depth formula, with the given sounding frequency, the depth achieved by
passive EM sounding will be dictated by the average conductivity of the overlying
sample of earth that is penetrated (Simpson and Bahr, 2005; Chave and Jones, 2012).
The skin depth can be defined as the effective depth of penetration of an
electromagnetic wave in a conductive medium. The penetration depth depends on
two things as indicated in the skin depth (𝛿), the resistivity and the frequency used
during measurement. Deeper penetration can be achieved in resistive areas than
conductive regions and depth of penetration decreases as the EM signal frequency
increases as the frequency has indirect relationship with skin depth (Figure 10).

𝜌

𝛿 = 503√ 𝑓𝑎

(1)
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Where, 𝛿 is the skin depth, 𝜌𝑎 is the apparent resistivity of the ground in Ohm-m and
f is the frequency in Hz.

In Figure 10, the AMT and MT measuring frequency range compared to other
Electromagnetic geophysical methods such as GPR, TEM (EM induction)
techniques. Normally, most Electromagnetic techniques like GPR and TEM uses
high frequency signals to detect shallow depth structures near the Earth’s surface.
However, in general MT and AMT detect both shallow and deeper structures because
of the wide frequency range (10000 Hz – 0.00001 Hz) used for measurement.
Therefore, MT images structures up to the upper mantle in the case of deeper
exploration with very low frequency such as in tectonics applications.

Figure 10: MT frequency range.
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AMT and MT methods have advantages over other geophysical techniques
mostly due to the deep penetration of these methods. To image the subsurface
electrical structures, some geophysical techniques use artificially generated power
(as in well-logging or DC resistivity) using transmitters (Figure 11). AMT do not
require transmitters as it uses natural EM signals, it uses receivers only for
measurement. Artificially, other methods cannot generate enough energy to detect
deeper structures in the subsurface as in the MT and AMT methods and this is the
main advantage of AMT and MT over other geophysical techniques that measures
the resistivity of the earth. However, these methods also have limitations like other
geophysical techniques. The main problem of these methods are they are sensitive to
noise sources such as powerline, metals, urban activities and obstacle in site. A noise
caused by topography and local structures that distorted the measured the electric and
magnetic field (also called static shift) is also a major problem in AMT and MT
projects.

Figure 11: MT compared to other geophysical methods.
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3.2. Electrical Properties of Earth Materials
Electrical conductivity (σ) is the ability of electric charges to flow in
materials. Rocks have a wide variation in its electrical conductivity with high
sensitivity to the changes in fluid content of the rock (Figure 12). Rock usually
considered as poor conductors but the porosity, fluid content and conductive material
such as Clay minerals cause a huge variation in the resistivity of rocks. Archie (1942)
notified that the conductivity of a porous rock changes with the volume and
arrangement of the pores and amount of contained fluid. Archie’s empirical formula
clarifies the relationship between resistivity (ρ), porosity (), water saturation (Sw)
and fluid resistivity (ρw).
(Archie’s law): 𝜌 = 𝑎 𝜌𝑤 −𝑛 𝑆𝑤−𝑚

(2)

where a is the tortuosity, m is the cementation exponent of rock and n is the
saturation exponent.

Figure 12: Electrical resistivity of Earth material (Modified from Miensopust,
2010).
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3.3 AMT Applications
The wide range of frequencies used in MT and AMT methods gives the
advantage of exploring the subsurface from shallow to deep depths of several
kilometers without artificial power sources and with no environmental impact. At
high frequencies, these methods are used for exploring groundwater and base metal
deposits at a relatively shallow depth using AMT. The methods are also used in the
exploration of petroleum in places where reflection seismology is very expensive or
ineffective, such as in volcanic formations or in extreme terrain (Vozoff, 1991).
AMT and MT have been also used extensively in geothermal exploration and
regional studies such as in tectonics. The information on the Earth’s resistivity
obtained by AMT method has been valuable in detecting deep aquifers, geothermal
reservoirs and detect deep tectonic features. In searching for deep ground water
resources, in particular, electrical resistivity has proven to be the most useful
geophysical parameter for detecting a potential aquifer and for siting initial
exploration wells. It is used to detect the conductive zone associated with permeable
zone.
3.4 AMT Field Setup and Measurement
Figure 13 shows the AMT measurements setup in the field. In study area, to
measure the magnetic field two magnetic coils (Hx and Hy) have been used as shown
in the setup and four electrodes to measure the electric field in x and y direction (Ex
and Ey). Measure the electric and magnetic field variations continuously for around
for 1 hours at each station along a profile. Once finished collecting the data at one
station then proceed to the next station and do the same until finishing the survey.
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For MT survey, MTU5A receiver has been used to measure the electric and
magnetic AMT signals (Figure 14). This instrument is a V5 System 2000 for MT
measurements developed by Phoenix Geophysics Ltd. Company and launched in the
1990s. The flexibility and data resolution of this system makes it cost-effective and
widely used in a variety of applications. AMT data were collected along 11kilometer-long West-East profile in Al-Jaww Plain (east Al-Ain city) with 10 AMT
stations (Figure 15) parallel to the seismic line done by Ali et al. (2009). GPS
synchronization makes the data acquisition much easier with no need for more
instruments and cables. The deployment and specification of this system support
noise-reduction methods during processing and inversion.
To reduce noise all the magnetic coils and electrodes were buried
underground. Bentonite were used to make the contact resistance low between the
electrodes and the ground to get good electric signals during the measurement. The
ground contact resistance was high due to the sand and resistive rocks in the study
area and the bentonite helps in reducing the problem.

Figure 13: Typical layout for a standard AMT recording station (modified after
Hobbs et al., 2020).
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3.5 AMT Workflow
The workflow of any AMT field survey is divided into five stages:
1) MT data acquisition phase: First, the MT signal is collected from the filed in
the MT data Acquisition stage. The EM raw data collected in the field is
called Time series
2) Processing stage: In the processing stage, transforming the Time series data
into frequency domain
3) Analysis stage: In MT data Analysis, Dimensionality Analysis, strike angle
estimations and removal of noise in the data (such as static shift in the data)
4) Inversion stage: produce the model based on the data analysis in the Inversion
stage
5) Interpretation stage: Finally, the different features observed in the model will
be interpreted based on geological information and preexisting geophysical
information.
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Figure 14: MT measurement instrumentations, showing MTU5A unit, Electrodes
and magnetic coils.

Figure 15: Locations of AMT stations in Al-Jaww Plain.
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In MT survey, the target is to measure high frequency signals in the frequency
range between 10,000 Hz to 5 Hz with AMT measurement mode, a mode in the
instrument that detect higher frequency responses. The aim of the AMT survey was
to characterize the structures and saturated zones beneath the study area and verify
the results of the previous seismic reflection. The measurement was conduct for
about 1 hour at each station. Two horizontal components of the electric field (EX and
EY) were measured using two electric dipoles (each dipole consists of 2 electrodes),
with 100 m length using non-polarizing electrodes. Coil (MTA-150) were used to
measure the two components of the induced magnetic field, the perpendicular
horizontal HX and HY components. Time series of Electrical field and Magnetic
field variations were recorded. Table 1 below summarizes the field work steps.
Table 1: AMT data acquisition steps.
1

Make instrument calibration one day before acquisition and save startup
file in instruments SSD memory card.
2 Keep electrode in water and salt for 24 hours to enhance the conductivity.
3 Choose stations location away from noise sources (power lines, road,
building and metallic bodies).
4 Dig holes for the electrodes in North-South and East-West directions.
5 Add bentonite and water mixture to enhance electrodes coupling with
ground.
6 Bury the entire electrodes (30cm depth) and add water with salt.
7 Bury X (tail to east and head to west) and Y (tail to north and head to
south) Coils and make sure they are balanced using bubble level.
8 Bury grounding electrode near the instrument and connect it to the
instrument.
9 Connect GPS, battery, Dipoles and coils to the instrument (Figure 16).
10 Run the instrument, check the number of satellites from blinking light in
the instrument (check manual) and keep the instrument running after
reaching the minimum number of Satellites.
11 After the decided sounding time, stop the instrument and check data in
instrument SSD card
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Figure 16: AMT instrument setup in the field.

3.6 Data Processing
Once the data are collected at the survey, the next step is to transform the raw
data in time domain into frequency domain in the data processing stage in order to
calculate the impedance. For this purpose, SSMT-2000 data processing software has
been used to convert the time series to frequency domain. But first raw data sets were
downloaded from MTU-5A unit for each measuring station and using Fourier
transform the data were transformed into frequency domain. The impedance tensor
then calculated from the frequency domain using the MT-Editor program and the
spectral data were stored in a standard MT file known as EDI files. Data smoothing
prior to 2D inversion were performed using the WinGlink Program. The MT data
processing flow chart for processing is shown in Figure 17.
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Figure 17: Data processing flow chart. Time series data converted into frequency
domain data using Fourier transform (FFT), then the transfer function or
impedance tensor will be calculated, and the result will be stored in a standard
MT file called EDI file.

3.7 Apparent Resistivity and Phase Curves
Apparent resistivity and phase values are calculated from the impedance
components after processing the measured data. The equation below shows how the
impedance Z components (Zxx, Zxy, Zyx and Zyy) can be calculated from the
components of the measured electric and magnetic fields:

𝑍𝑥𝑥
(
𝑍𝑦𝑥

𝑍𝑥𝑦 𝐻𝑥
𝐸𝑥
)( ) = ( )
𝐸𝑦
𝑍𝑦𝑦 𝐻𝑦

(3)

where equation 3 can also be written as;

E = ZH.

(4)
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The impedance tensor (Z) is a complex second-rank frequency dependent
matrix that relates the measured electric and magnetic fields. Zxx, Zyy, Zxy and Zyx
are elements of the impedance tensor Z.

The apparent resistivities in XY and YX planes can be calculated from the
impedance components or directly in terms of the relationship of the measured the
electric and magnetic components in different direction as shown below in equations
5 and 6.

1

2

𝐸

𝜌𝑋𝑌 = 𝜔𝜇 |𝐻𝑋 | 𝑇𝐸 𝑚𝑜𝑑𝑒
𝑌

1

(5)

2

𝐸

𝜌𝑌𝑋 = 𝜔𝜇 |𝐻𝑌 | 𝑇𝑀 𝑚𝑜𝑑𝑒
𝑋

(6)

where  (=2𝜋𝑓) is angular frequency of the fields and  is the magnetic
permeability of the subsurface.

Figures 18 to 22 show sounding curves, plots of log apparent resistivity and
phase versus the log of the period for all 10 stations. The MT apparent resistivity
curves of XY, TE mode (red curves) and YX, TM mode (blue curves) from all the 10
stations in study area show very similar trends, indicating relatively higher resistivity
values at short periods and shows a decease up to around 0.001s (1000 Hz), then the
resistivity increase again for a short period and stay constant or indicating slow
decrease before dropping sharply at some stations. High frequencies (short periods)
reflect responses from shallow depth structures and low frequencies (longer periods)
reflect responses from structures at deeper zones. However, interpretation of the
subsurface structure from these curves is misleading because the penetration depth is
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different for each station at a particular frequency (period) and the resistivity values
are apparent not true resistivity values. Therefore, care must be taken as these curves
only give a general description of the subsurface resistivity distribution of the
surface. The apparent resistivity curves indicate how the resistivity is changing with
depth.
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Figure 18: Smoothing curves for stations 1 and 2.
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Figure 19: Smoothing curves for stations 3 and 4.
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Figure 20: Smoothing curves for stations 5 and 6.
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Figure 21: Smoothing curves for stations 7 and 8.
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Figure 22: Smoothing curves for stations 9 and 10.
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3.8 Data Analysis
MT data analysis of MT data is a common procedure for inferring the main
properties of the geoelectric structures of the subsurface such as the strike direction
or the presence of superficial distorting bodies, and enables the most appropriate
modeling approach to be determined (Marti, 2006). Prior to producing the subsurface
model from the MT data during the inversion stage, it is important to have an
understanding of the degree of distortion (static shift) and dimensionality of the data
sets (e.g., Groom and Bailey, 1989; Smith, 1995). The first step in analysis stage is to
apply dimensionality check to see whether the subsurface structures represent 1D,
2D or 3D. And if the regional structure represents 2D, the geoelectric strike direction
should be calculated and rotate the impedance to the estimated direction.
One of the problems in AMT data is a static shift. A static shift is a shift in
the apparent resistivity curves observed due to the distortion mostly in the measured
electric field by local structures near the surface and the effects of topography. The
apparent resistivity curves are shifted by a constant, real scaling factor, and therefore
preserve the same shape as unshifted curves in the frequency range where static shift
occurs (Jiracek, 1990; Simpson and Bahr, 2005). The static shift affects the apparent
resistivity curves and the Phase is not affected by static shift problem in AMT.
For the measured AMT data, two dimensionality tools have been used to
check the dimensionality of the surface structures, the phase sensitive skew (Bahr,
1988; 1991) and the phase tensor analysis (Caldwell et al., 2004).
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3.8.1

Phase Sensitivity Skew

Phase Sensitivity Skew (η) is a dimensionality tool and it is measure of the
skew of the phases of the impedance tensor (Bahr, 1988;1991), so is unaffected by
distortion effect unlike tools like the Swift-skew and ellipticity dimensionality tools,
and is given by

𝜂=

1
|[𝐷1 , 𝑆2 ]−[𝑆1 , 𝐷2 ]| ⁄2

|𝐷2 |

,

(7)

where S1, S2 D1 and D2 are known as modified impedances and given by:

𝑆1 = 𝑍𝑥𝑥 + 𝑍𝑦𝑦 , 𝑆2 = 𝑍𝑥𝑦 + 𝑍𝑦𝑥
,
𝐷1 = 𝑍𝑥𝑥 − 𝑍𝑦𝑦 , 𝐷2 = 𝑍𝑥𝑦 − 𝑍𝑌𝑋

(8)

Equation 4.3 can be written as

𝜂=

√|𝐶|
|𝑍𝑥𝑦 −𝑍𝑦𝑥 |

,

(9)

where
∗
∗
𝐶 = 2Im (𝑍𝑥𝑥 𝑍𝑦𝑥
− 𝑍𝑦𝑦 𝑍𝑥𝑦
),

(10)

Values of Phase Sensitivity Skew η > 0.3 are considered to represent 3D data.
Phase sensitive skews less than 0.1 are indicative of 1-D, 2-D or distorted 2-D (3-D
/2-D) cases. Values between 0.1 and 0.3 (0.1 < η < 0.3) are considered to be
indicative of modified 3-D/2-D datasets. For AMT data, the phase-sensitive skew, η
is plotted for all AMT stations as shown in Figure 23. The result indicates a regional
2D structure showing by showing, a phase sensitive skew η < 0.3 for most of the
measured data. The red colored line in the figure indicates the 0.3 threshold for the
dimensionality. Most of the Phase sensitive Skew estimation calculated at different
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periods from all the stations falls below the threshold indicating a 1D and 2D
character of the subsurface structure below study area.

Figure 23: Phase sensitivity Skew for AMT stations.

3.8.2

Phase Tensor Maps
The phase tensor analysis makes no priori assumptions regarding the regional

resistivity structure and it is not affected by galvanic distortions (Caldwell et al.,
2004; Booker, 2014). The phase tensor Φ is defined as the ratio of the real (X) and
imaginary parts (Y) of the complex impedance tensor, Z.
Φ = X-1Y,

(11)

The phase tensor is represented graphically by an ellipse, expressed in terms
of the minimum (Φmin) and maximum (Φmax) principal axes, and skew angle (β).
And it is given by the following formula (Caldwell et al., 2004; Booker, 2014):

𝚽 = 𝑹𝑻 (𝛼 − β) [

Φ𝑚𝑎𝑥
0

0
Φ𝑚𝑖𝑛

] 𝑹(𝛼 + β),

(12)
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where R(α+ β) is the rotation matrix and RT is transposed or inverse rotation matrix.
The strike of the major axis of the ellipse is given by α – β. Booker (2014) suggests
that the phase tensor skew-angle (β) is important in deciding whether 2D or 3D
interpretation is required. Large skew angle (more than 3°) is a robust test for 3D
regional structure and argues that skew-angles less than 3° to justify a 2-D
interpretation. In addition, in the presence of 3-D structure, the phase tensor ellipses
are non-symmetric and besides showing large skew angle value.
The Phase tensor maps produced at some selected periods for AMT data
reveals the dimensionality of the subsurface. The phase tensor is represented by
ellipses and the color filling inside the ellipses represent the Skew angle. The shape of
the Phase Tensor and the value of the Skew angle revels the dimensionality of the
subsurface. Small Skew angle and circular shaped Phase tensor indicates 1D and 2D
structure. And large skew angle and elliptical Phase tensor indicates 3-dimensionality.
In general, the Phase tensor analysis produced at different periods in study area revels
a regional 1D and 2D by showing a small skew angle between -3 deg to 3 deg (Figure
24).

Figure 24: Phase tensor analysis at different periods
40
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3.8.3

Static Shift and Strike Angle Estimation
Static shift is a noise in MT that causes the apparent resistivity curves to shift

upward or downward by some factor. The 2D Inversion routine of the WinGlink
program resolve the problem of static shift from the AMT data by incorporating the
static shift in the inversion.
The regional strike angle estimation was done by the Mtpy program. The
estimated geoelectric direction was N50E and the AMT data were rotated accordingly
before the 2D Inversion (Figure 25). The estimated geoelectric strike direction
matches very well with the regional major geologic structure direction.

Figure 25: The estimated geoelectric strike direction.
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3.9 Inversion
The main goal of any geophysical inversion is to produce final model that
represent the ground truth in subsurface. Geophysical inverse problems in general
consist of determining subsurface structures from a set of observations obtained on
the Earth's surface (Pedersen and Hermance, 1986). Figure 26 represent a general
geophysical inversion procedure. The process involves, first starting with a simple
initial model and theoretical geophysical response is computed from the initial model
and compared with the observed data. This process is repeated for various models
through an iterative process until a minimum difference between the computed and
observed responses is achieved. Depending on the type of algorithm used in the
inversion, the error vector will be minimized with some kinds of damping factor or
regularization parameter that stabilizes the inversion procedure. The data misfit is
characterized by an objective function, which is minimized by a proper optimization
algorithm. The problem of data prediction is called forward modeling, in which data
are calculated by known values of model parameters. The estimated model in the
final iteration is accepted as the solution of the inversion and represents the
geological structure (Cherkose, 2018).
In this study, WinGLink program, a processing package developed by
Geosystem Inc. has been used to generate the final inverted cross section of AMT
profile consisting of 10 AMT stations along an 11 km long profile in east-west
direction with depth of 5 km from the existing ground level. The parameter used in
inversion stage were as below:
-

Initial model = 20 Ohm.m (a homogenous half space)

-

Both TE and TM modes were inverted.

-

Frequency range is 10,400 – 0.35 Hz.
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-

Error floor = 10% Rho and 5% Phase.

-

Static shift corrected by the algorithm in the program

At the end of inversion process RMS error reached 3.358 at iteration number 30.

Figure 26: Inversion procedure.
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Chapter 4: Results
4.1 AMT 2D Inversion Model
The final inverted cross section of AMT profile consisting of 10 AMT
stations along an 11 km long profile in east-west direction, had almost the same trend
in sounding curves at shallow depth and clearly divided the subsurface lithologies
into three resistivity units (Figure 27). The first unit (A) up to the depth of 1 km was
saturated with apparent resistivity lower than 15 Ohm.m, this resistivity range clearly
shows the shallow Quaternary groundwater aquifer of Al-Jaww Plain followed by
saturated zone. Unit (B) was interpreted as upper and lower Tertiary overlaying Fiqa
Formation (Upper Cretaceous) with apparent resistivities values ranging from 15 to
250 Ohm.m and located at depths ranging from 1 to 4 km, this unit is mainly
represented by carbonates. Unit (C) with very high apparent resistivities (> 250
Ohm.m) and located at depths deeper than 2.5 km in eastern part of the study area.
Unit (C) is interpreted to be Hawasina group, which is mainly chert.

Figure 27: 2D AMT inversion results showing resistivity distribution across East-West profile and from surface to 5 km depth.
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The final inverted model was interpreted based on the variation in Apparent
Resistivity into three units using Surfer software. These units represent the degree of
saturation in subsurface (Figure 28).

Figure 28: Hydrogeological interpretation of the AMT resistivity model.
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4.2 Comparison with Previous Geophysical Data
This result somehow matches the seismic line and outcomes of the previous
research done in Al-Jaww plain by Ali et al. (2009) in terms of geology and
formations depth. This study focused on the lithology and geological structures
below the study area, which supported the research by the needed information to
understand the subsurface and correlate it with resistivity section. Below is the
seismic line and interpreted model by Ali et al. (2009) (Figure 29).
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Figure 29: Interpreted seismic profile (a) and Gravity model (b).

49

Chapter 5: Discussion
In total 10 AMT stations were measured, analyzed and corrected for static
shift, then inverted in order to get a 2D electrical resistivity model of the subsurface
of the study area. The developed 2D model is running from surface to 5 km depth.
The recorded data in general is acceptable and the data noise could be due to power
lines existing in the study area. To eliminate the noise and error (in sounding curves),
smoothing technique has been applied. During the survey, the main issue was to
locate places far from such power lines. The AMT stations were selected in order to
form a profile running West-East and parallel to the seismic profile of Ali et al.
(2009) for comparison purposes.
After running the 2D inversion of the AMT data, the sensitivity model of the
AMT resistivity model was calculated in order to check the accuracy of the inverted
model. The sensitivity model shows low values, which means that the developed 2D
resistivity model is acceptable.
This study is first of its kind in the study area (Al-Ain) as it applies for the
first time AMT measurements for shallow to intermediate depths for groundwater
investigations. Previous geophysical investigations were carried out at the study area
and two main studies of Ali et al. (2009) for seismic reflection and El Mahmoudi and
Gabr (2006) for ERT can be mentioned. The seismic results of Ali et al. (2009)
showed four stratigraphic layers and defined the subsurface structure below Al-Jaww
plain. The ERT results however showed an existence of a shallow groundwater
aquifer at depths from 40 m to 120 m.

50
The current AMT results could image both shallow and deep saturated zone
aquifer existing from shallower depths to around 1 km depth. Due to deep AMT
depth investigations (5 km), the thin Quaternary aquifer will not appear clearly in
details in the final section.
Combination and integration of different geophysical methods helps in
developing better subsurface models. The comparison of such geophysical data
(seismic and AMT and ERT) will help in better understanding of the subsurface
geology and hydrogeology of Al-Jaww Plain and also its subsurface structural
features and will help local managers for better management of the groundwater
resources in Al-Jaww plain.
The investigation clearly shows the depth of the Quaternary groundwater
aquifer and indicates absence of any saturated zones below or possible sources of
fresh water below 1 km depth. Resistivity values were decreasing toward the
direction of Oman mountains, where the main recharges source is. The results
reported here demonstrate the presence of the Quaternary aquifer within a saturated
layer extended from the surface up to 1 km depth with geological structure detected
in the seismic survey that might play a significant role in determining the physical,
geological and hydrological properties of ground water in this area.
The two-dimensional electrical resistivity profiles developed by El
Mahmoudi and Gabr (2006) supports the result of AMT resistivity profile at shallow
depths by showing decrease in electrical resistivity of the layers on shallow depths.
However, AMT survey confirmed the continuity of the saturated zone up to the depth
of 1 km below ground surface and this is the advantage of AMT method that has the
ability to penetrate to deeper parts compared to other geophysical methods.
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Variation in apparent resistivity in the saturated zone up to 1 km depth were
noticed at the station before the Sand dam compared to the ones after the dams to the
east. This variation indicates changes in saturation level might be caused by the
effect of sand dam that prevent the main wadies from supplying the area (were
station 1 to 5 is located) by water (Figure 30). These results open the door for
environmentalists, researchers and decision makers to focus more on the effects of
these
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Figure 30: The detected variation in apparent resistivity and possible effect of the dam.

52

53

Chapter 6: Conclusions
Al-Ain city has more than 800,000 people and its growing and developing
(industries and farms) and needs more water resources for such economic, social
development. The current research focused on the investigation of groundwater
aquifers at Al-Jaww plain (eastern Al-Ain city) using audio-magnetotelluric (AMT)
data recorded at 10 stations.
The recorded AMT data was inverted and provided a 2D electrical resistivity
model beneath the study area from ground surface to 5 km depth. The Twodimension resistivity inversion model was developed for the AMT data measured
along the east-west profile using WingLink software. The model shows mainly three
geo-electrical layers from surface to 5 km depth as follows: (1) a shallow layer with
low resistivity (<15 Ohm.m), representing groundwater aquifer zone from ground
surface to 1 km depth, (2) a moderate resistive layer (15 Ohm.m - 250 Ohm.m)
beneath the first layer and (3) Hawasina complex (>250 Ohm.m) beginning at 2.5 km
and reaching 5 km. The main findings of the AMT geophysical survey can be
summarized as below:
1- The Quaternary groundwater aquifer of Al-Jaww plain was within a saturated
layer extended up to 1 km depth with very low resistivity values.
2- The final 2D apparent resistivity model indicates the absence of saturated
zones below 1 km depth with no possibility of deep groundwater sources
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